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Formation of microtubule architectures, required for
cell shape maintenance in yeast, directional cell
expansion in plants and cytokinesis in eukaryotes,
depends on antiparallel microtubule crosslinking
by the conserved MAP65 protein family. Here, we
combine structural and single molecule fluorescence
methods to examine how PRC1, the human MAP65,
crosslinks antiparallel microtubules. We find that
PRC1’s microtubule binding is mediated by a struc-
tured domain with a spectrin-fold and an unstruc-
tured Lys/Arg-rich domain. These two domains, at
each end of a homodimer, are connected by a linkage
that is flexible on singlemicrotubules, but formswell-
defined crossbridges between antiparallel filaments.
Further, we show that PRC1 crosslinks are compliant
and do not substantially resist filament sliding by
motor proteins in vitro. Together, our data show
how MAP65s, by combining structural flexibility and
rigidity, tune microtubule associations to establish
crosslinks that selectively ‘‘mark’’ antiparallel over-
lap in dynamic cytoskeletal networks.
INTRODUCTION
The dynamic reorganization ofmicrotubule networks plays a crit-
ical role in diverse biological processes, including cell migration,
neuronal transport and cell division. It is now clear that different
cytoskeletal architectures arise from the interplay between
motor proteins, which can crosslink andmovemicrotubules rela-
tive to one another, and nonmotor microtubule associated
proteins (MAPs), which can crosslink microtubules to stabilize
specific orientations (Glotzer, 2009; Manning and Compton,
2008). While we have good biophysical and structural models
for motor proteins that crosslink microtubules, much less is
known about nonmotor microtubule crosslinking proteins.
Several nonmotor MAPs that crosslink microtubules (e.g.,
MAP65, NuMA, NuSAP and Mia1p) are now known to playimportant roles in dividing and nondividing cells (Ribbeck et al.,
2006; Sasabe andMachida, 2006; Schuyler et al., 2003; Thadani
et al., 2009; Zeng, 2000). Current models for the functions of
these proteins are based on cellular localizations and loss-of-
function studies. However, we lack any structural data to explain
how microtubule crosslinking is achieved by these MAPs.
Recently, there have been several advances in our under-
standing of the structure of nonmotor MAPs. Among the best
characterized class of MAPs are the +TIP proteins (e.g.,
XMAP215, EB1 and CLIP170), which can dynamically track the
growing end of a microtubule. Microtubule binding in these
proteins is mediated by calponin-homology, CAP/Gly or TOG
domains (Slep and Vale, 2007). Similarly, structural work on
Ndc80, a conserved mitotic MAP, has revealed how a calpolin-
homology domain may be used to establish kinetochore-micro-
tubule associations during cell division (Ciferri et al., 2008; Wei
et al., 2007; Wilson-Kubalek et al., 2008). However, due to lack
of similarity in primary sequence, it is not very likely that these
structural models will shed light on nonmotor MAPs that can
crosslink two microtubules.
As a step toward developing structural models for how non-
motor MAPs may crosslink microtubules, we focused on the
conserved MAP65 family, which plays key roles in microtubule
organization in eukaryotes. Since their initial discovery in bud-
ding yeast, microtubule crosslinking functions of the MAP65
proteins have been shown to be required for cell shape mainte-
nance in yeast cells, directional cell expansion in plants and
formation of the central spindle in eukaryotes (Chan et al.,
1999; Jiang et al., 1998; Loiodice et al., 2005; Yamashita et al.,
2005). Currently, at least three activities have been ascribed to
these proteins. First, MAP65s can selectively crosslink microtu-
bules in an antiparallel orientation (Gaillard et al., 2008; Loiodice
et al., 2005). Second, these nonmotor crosslinkers can oppose
filament movements driven by motor proteins. For example,
Ase1, the fungal MAP65, is proposed to antagonize kinesin-14
driven filament sliding required for organizing microtubules
during interphase (Janson et al., 2007). Third, these crosslinking
proteins can recruit signaling proteins or kinesins to the microtu-
bule structures they stabilize. For example, the recruitment
of Polo-like kinase to the central spindle during cytokinesis is
mediated via interactions with PRC1, the human MAP65 (NeefCell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc. 433
Figure 1. Single-Molecule Analysis of Microtubule Binding by PRC1
(A) Schematic of PRC10s domain organization and a guide for constructs used
in the fluorescence microscopy assays (purple: coiled-coil domain; green:
microtubule binding domain; black: C-terminal domain).
(B) Fluorescence intensity analysis of two PRC1 constructs, GFP-PRC1-FL
(aa: 1–620; intensity = 2.5 3 104 ± 0.9 3 104, N = 469) and GFP-PRC1-NS
(aa: 1–466; intensity = 2.0 3 104 ± 0.8 3 104, N = 156). Dimeric-Eg5-GFP
(Intensity = 2.5x104 ± 1.0x104, N = 377) and tetrameric-Eg5-GFP (Intensity =
4.2x104 ± 2.23 104, N = 290) were used as references. Intensities are reported
as mean ± SD.
(C–H) Single molecule TIRF assay was used to examine the association of
PRC1 constructs (green) with microtubules (orange) immobilized on a glass
surface. (C) Schematic for assay showing the two constructs, GFP-PRC1-FL
and GFP-PRC1-NSDC (aa 1–486). Single frames showing two-color overlays
(top) and associated kymographs (below) of GFP-PRC1-FL (D and E) or
GFP-PRC1-NSDC (F and G). (H) Distribution of microtubule association life-
times for GFP-PRC1-FL (blue) and GFP-PRC1-NSDC (red).
(I–K) Microtubule association of GFP-PRC1-NSDC under different ionic
strength conditions. Representative kymographs from assays at 0.75x motility
buffer (I), motility buffer (J), motility buffer+20 mM KCl. (K) The scale bar repre-
sents 1.5 mm, 10 s. See also Figure S1 and Figure S3.
434 Cell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc.et al., 2007) and kinesin-5 driven microtubule sliding during
anaphase depends on Ase1 (Khmelinskii et al., 2009). Currently,
we do not have a structural framework to explain how these
MAPs specifically crosslink antiparallel microtubules. Moreover,
the activities of MAP65s have not been reconstituted in the pres-
ence of motor proteins to test if MAP65s resist filament sliding by
motor proteins or if their main function is to act as ‘‘marks’’ that
recruit other proteins to regions of antiparallel microtubule
overlap in dynamic networks.
Hereweshow, using singlemolecule fluorescencemicroscopy
assays, X-ray crystallography and electron microscopy that
PRC1 uses structured and unstructured domains to bind micro-
tubules. These domains at each end of a PRC1 homodimer are
connected by a linker that adopts a rigid conformation only when
crosslinking microtubules. We also show, in assays combining
TIRF and fluorescent speckle microscopy (FSM), that PRC1
does not substantially resist filament sliding by kinesin-5. Based
on these results, we propose amodel for how a crosslinkingMAP
can achieve specific and compliant crosslinking of microtubules
by balancing structural rigidity and flexibility.
RESULTS
Structured and Unstructured Domains Mediate
Microtubule Binding in PRC1
PRC1, like other Map65 family proteins, has a modular architec-
ture with an N-terminal coiled-coil domain, a central region that
can mediate microtubule binding, and a C-terminal regulatory
domain (Figure 1A). While the central domain is thought to
be required for microtubule binding, the contributions of the
C-terminal domain remain poorly characterized. To address
this, we analyzed the microtubule binding activity of PRC1 using
two approaches, a TIRF microscopy assay to examine the prop-
erties of single molecules and a microtubule cosedimentation
assay to analyze equilibrium binding.
For visualizing PRC1 molecules by fluorescence microscopy
we expressed and purified recombinant GFP-tagged full-length
PRC1 in bacteria. We found that C-terminal tags on PRC1
Figure 2. Microtubule Cosedimentation Assays to Determine Equi-
librium Dissociation Constants for PRC10s Microtubule-Binding
Domains
(A) Schematic for constructs used in this assay: PRC1-S (aa 341–466) and
PRC1-SC (aa 341–620). SDS-PAGE analysis of cosedimentation assays for
PRC1-SC (B) and PRC1-S (C). Arrows in (B) indicate C terminus proteolysis
products in PRC1-SC. Bandsmarked with red boxes in (B) indicate the relative
tubulin concentration at which 50% of the different PRC1-SC truncation prod-
ucts cosediment with microtubules. (D) Band intensities from the gels in (C)
were used to determine fraction protein bound, and plotted against microtu-
bule concentration (n = 3,mean ±SD). The data were fit to amodifiedHill equa-
tion to determine Kd’s (PRC1-S: 3.3 ± 1.8 mM; PRC1-SC: 0.6 ± 0.3 mM).resulted in constructs that were highly unstable and therefore
used a construct with GFP fused to the N-terminus of PRC1
(GFP-PRC1-FL). We first examined the oligomerization state of
single GFP-PRC1-FL molecules. Analysis of the intensities of
single fluorescent spots of GFP-PRC1-FL immobilized on a glass
coverslip, when compared to intensities of known dimeric and
tetrameric reference constructs, indicated that GFP-PRC1-FL
is a dimer (Figure 1B), similar to the yeast homolog, Ase1 (Kapi-
tein et al., 2008a; Schuyler et al., 2003). We also confirmed that
untagged PRC1 is a homo-dimer and has an extended confor-
mation (see below, and data not shown). Previous studies have
suggested that PRC1 exists as a homo-tetramer, but gel filtration
chromatography alone can sometimes be unreliable for such
analyses of proteins with elongated structures (Zhu et al.,
2006). To examine the interaction of single PRC1 molecules
with a microtubule, we used streptavidin to attach X-rhoda-
mine-labeled, biotinylated microtubules to a glass surface. After
blocking the glass surface, we added low concentrations of
GFP-PRC1-FL (20 pM) (Figure 1C). Similar to what is observed
for Ase1, we found that single GFP-PRC1-FL molecules diffuse
in 1-D along the microtubule surface (Figure S1D and 1E; (Kapi-
tein et al., 2008a)). Analysis of time-lapse sequences using
kymographs showed that individual GFP-PRC1-FL molecules
can maintain associations with the microtubule lattice that can
last several seconds (t1/2 = 7 ± 0.4 s; Figure 1H).
To examine the contribution of the C terminus of PRC1 to
microtubule binding, we first generated a construct comprised
of just the N-terminal dimerization and the microtubule-binding
domain (aa 1–466, hereafter GFP-PRC1-NS). Intensity distribu-
tion of GFP-PRC1-NS indicated that this construct, like the
full-length protein, is a dimer (Figure 1B). We were unable to
detect microtubule associations of single molecules of GFP-
PRC1-NS at the concentrations needed to resolve single
molecules using TIRF microscopy (<10 nM; data not shown),
suggesting that residues in the C terminus domain contribute
to microtubule binding. Secondary structure algorithms predict
that the C-terminal domain in PRC1 is likely to be unstructured.
Consistent with this prediction, we find that PRC1’s C terminus
is prone to proteolysis. A highly susceptible cleavage site resides
between two Lys/Arg-rich basic clusters in this domain (aa. Asn
500; Figure S1 available online). As basic amino acids are often
implicated in mediating interactions with the negatively charged
microtubules surface, we generated a GFP-fused PRC1 con-
struct with one of the two basic-residue clusters (aa 1–486,
hereafter GFP-PRC1-NSDC). Under TIRF microscopy condi-
tions we could readily observe microtubule binding by single
GFP-PRC1-NSDC molecules. Diffusion on the microtubule was
apparent for the subset of binding events that lasted several
seconds (Figures 1F and 1G). Analysis of the life-times of micro-
tubule association indicated that this construct has a higher
microtubule unbinding rate than the full-length protein (Fig-
ure 1H, lifetime is less than the lower limit of reliable event
detection, < 3 s). Increasing salt concentrations reduced the
GFP-PRC1-NSDC binding lifetimes, consistent with a charge-
dependent microtubule-binding interaction mediated by
PRC1’s C terminus (Figures 1I–1K).
We next carried out microtubule cosedimentation assays for
an independent analysis of the contribution of the C-terminaldomain to PRC1’s microtubule interaction. For these experi-
ments we generated PRC1 constructs lacking the dimerization
domain so that we could exclude the potentially complex effects
of filament crosslinking/bundling on this analysis (Figure 2A).
These PRC1 constructs were confirmed to be monomeric by
size exclusion chromatography (data not shown). The microtu-
bule binding affinity (Kd) of a construct comprising of the central
domain and the C terminus (aa 341–620, named PRC1-SC) was
0.6 ± 0.3 mM (Figures 2B and 2D). A construct comprising of the
central domain alone (aa 341–466, hereafter named PRC1-S)
had a 5-fold weaker binding (Kd: 3.3 ± 1.8 mM; Figures 2C
and 2D). Interestingly, we observe cooperative microtubule
binding by PRC1-SC (Hill coefficient of 3 ± 1). This suggestsCell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc. 435
that the C terminus may be responsible for interactions between
PRC1 molecules on the microtubule lattice analogous to what
has been previously reported for Ase1 (Kapitein et al., 2008a).
Together, these data indicate that PRC1’s microtubule binding
ismediated by two regions, one that is predicted to be structured
and another, unstructured region, rich in Lys/Arg residues.
PRC1’sMicrotubule-BindingDomainHasaSpectrin Fold
To determine the structural basis of microtubule binding by
PRC1, we focused on its central microtubule-binding domain.
As this domain has no obvious homology to any known microtu-
bule binding motif, we used X-ray crystallography to determine
its structure. Nonisomorphous crystals of the PRC1-S construct
were obtained from both the native protein, which diffracted to
1.75 A˚ resolution, and the selenomethionyl-substituted protein,
which diffracted to 2.0 A˚ resolution. The structure of the seleno-
methionyl-substituted protein was solved by single-wavelength
anomalous dispersion, refined, and, subsequently used as
a model to solve the structure of the native protein using molec-
ular replacement (Table S1). We found that the microtubule-
binding domain of PRC1 is an70 A˚ long 3-helix bundle (labeled
helix-1, -2, and -3), with connecting loops (labeled loop1-2 and
loop2-3) and N- and C- termini at opposite ends (Figure 3A
and Figures S2A and S2B). Residues from all three helices
contribute to a hydrophobic core which dominates the interface
between the three helices (Figure 3B). This core is flanked on
both ends of the helix bundle by two salt bridges mediated by
conserved residues (Figure 3C).
UsingDALI,we found thatPRC1-Shashigh structural similarity
to spectrin domains (Figure 3D), motifs commonly found in
proteins associated with the actin cytoskeleton (e.g., alpha-
actinin, spectrin and dystrophin; (Djinovic-Carugo et al., 2002)).
However, a spectrin fold has not thus far been found in any other
known MAP. Interestingly, in actin-binding proteins, the elon-
gated and rigid triple-helix of a spectrin domain does not directly
mediate actin binding, but acts as a spacer between canonical
actin-binding motifs, such as calponin homology domains.
Therefore, it appears that the spectrin fold hasbeenevolutionarily
‘recycled’ and re-engineered to act as a microtubule interacting
domain in the Map65 protein family. These findings establish
anew role for the spectrinmotif as amicrotubule-bindingdomain.
A Conserved Basic Region Forms the Microtubule-
Binding Surface in the Spectrin Domain of PRC1
As it was unclear how the spectrin fold would bind microtubules,
we analyzed the electrostatic surface potential and the conser-
vation of surface residues for this domain. A map of the electro-
static surface potential shows a positively charged region
comprising of loop1-2 and residues from all three helices that
are proximal to this loop in the three dimensional structure
(Figure 3E). Interestingly, a cluster of highly conserved residues
is also located within this region (Figure 3F), suggesting that
the junction of helix-1 and helix-2 could form the microtubule
binding region in the spectrin fold. To test this hypothesis we
generated constructs of PRC1’s spectrin domain in which basic
residues in this region were mutated to alanine (Figure S2C).
Each of these constructs was characterized to be monomeric
by size-exclusion chromatography (Figure S2D). We usedmicro-436 Cell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc.tubule cosedimentation assays to compare microtubule binding
of mutant and wild-type PRC1-S constructs (Figure 3G). We
found that mutation of each of the basic residues in the most
conserved region reduced microtubule binding 2- to 4-fold,
though none of the individual mutations abolished microtubule
binding (Figure 3H). To test that the observed microtubule
binding is not simply a nonspecific electrostatic interaction, we
tested two other constructs. First, we made a C terminus trunca-
tion in PRC1-SC (labeled del453–466; aa 341–452) to remove
three surface exposed lysines on helix-3. Second, we generated
a construct in which a lysine residue on helix-2 (K407), distal to
the potential microtubule binding site, was mutated to alanine.
Both of these constructs show less than 50% reduction in
microtubule binding. From this analysis, we propose that the
spectrin domain in PRC1 uses a basic surface comprising of
conserved residues at one end of the triple helix bundle to
mediate microtubule binding (Figure 3F, circle).
Spectrin Domain Fits with an Optimal Orientation
into the Cryo-EM Density Map of the PRC1-Microtubule
Complex
To investigate the interaction of PRC1 with the microtubule
lattice we examined the structure of dimeric PRC1 bound to
single microtubules by cryo-electron microscopy (Cryo-EM)
and helical image analysis. As PRC1-FL extensively bundles
microtubules at concentrations needed for this analysis, we
used our findings from single molecule experiments to engineer
a construct PRC1-NSDC (aa 1–486; Figure 4A), which was
more suitable for this analysis (Figure 1A). This construct was
confirmed to be dimeric by HPLC Size Exclusion Chromatog-
raphy/Laser Light Scattering Analysis (Figure S3), and found to
retain sufficient binding to fully decorate single microtubules
without extensive bundling.
Diffraction of individual cryo-EM images of PRC1-NSDC
bound to microtubules showed an 80 A˚ layer line, indicating
that one PRC1-NSDCmolecule binds a a/b-tubulin heterodimer.
The 3D reconstruction of microtubule bound PRC1-NSDC
showed a single rod-shaped density corresponding to PRC1-
NSDC, protruding approximately perpendicular to the microtu-
bule lattice (microtubule side view, Figure 4B; top view,
Figure 4C). Interestingly, the PRC1 density in the reconstruction
is of the same size as PRC1’s spectrin domain. The optimal fit of
the spectrin domain crystal structure to the reconstructions
oriented the conserved, basic residues at the junction of helix-1
and helix-2 toward the microtubule lattice (Figure 4D and 4E).
This binding model is also consistent with our site-directed
mutagenesis analysis (Figure 3H). Comparison of the 3D recon-
struction of this complex with cryo-EM structures of motor
proteins (e.g kinesin and dynein’s microtubule-binding domain)
bound to microtubules suggests that the binding site for PRC1
partially overlaps with, but is not identical to, the microtubule-
binding surface used by motor proteins (Carter et al., 2008;
Figure S4B). Surprisingly, we see no extra density distal to the
microtubule surface that would correspond to the N-terminus
coiled-coil dimerization domain in PRC1-NSDC. This indicates
that the coiled-coil domain is likely to be flexible and can
have more than one conformation when bound to a single
microtubule.
Figure 3. PRC10s Conserved Microtubule-Binding Domain Adopts a Spectrin Fold
(A) Ribbon diagram shows the overall structure. Five disordered residues in the loop between helix-1 and 2 are indicated by dots.
(B) Hydrophobic residues from helix-1 (cyan), helix-2 (yellow) and helix-3 (green), which form the core of the triple helix bundle, are highlighted (sticks).
(C) Salt bridges between charged residues from helix-1 (cyan), helix-2 (yellow) and helix-3 (green) are indicated (spheres).
(D) Overlay of PRC10s spectrin domain (orange) with its closest structural homolog, which is a spectrin repeat in Plectin (blue, PDB = 2odu-A, Z-score = 7.7,
rmsd = 3.4 A˚ calculated using DALI).
(E) Surface representation showing electrostatic potential of the spectrin domain in PRC1 (Red to blue is 10 kbT to +10 kbT, as calculated using APBS).
(F) Residues with low (cyan), intermediate (white), and high (magenta) conservation on the surface of the PRC10s spectrin domain. The labeled residues were
selected for mutagenesis studies.
(G) SDS-PAGE analysis of microtubule cosedimentation assays of PRC1-S mutants at 27 mM tubulin.
(H) Band intensities from (G) were quantified to determine the fraction of PRC1 bound to microtubules (n = 3, error bars indicate SE). See also Figure S2.To further understand the PRC1-microtubule interaction, we
obtained a second EM reconstruction with a monomeric
construct that lacked most of the oligomerization domain but
contained the spectrin domain and the entire C terminus
(aa 303–620). The observed density for this construct overlaps
with the PRC1-NSDC density close to the microtubule lattice
(Figures S4C–S4E). We also observe some additional density
distal to the microtubule surface which is not observed inPRC1-NSDC. It is possible that this density corresponds to
PRC1’s C terminus folding back to interact with the spectrin
domain or to the amino acids at PRC1’s N-terminus that may
be ordered when this construct binds microtubules. As we do
not observe any additional density past the C terminus of the
spectrin domain that is close to the microtubule lattice, we favor
the possibility that the Lys/Arg-rich domain is disordered even
when PRC1 is bound to a microtubule. Together, these dataCell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc. 437
Figure 5. The Dimerization Domain in PRC1 Is OrderedWhen Cross-
linking Two Microtubules
(A) Schematic highlights the section viewed in the cryotomographic recon-
structions shown in (B) and (C), which encompasses the two microtubules
and the PRC1 crosslinks.
(B and C) Slices through cryotomographic 3D reconstructions of microtubules
crosslinked by PRC1-NSDC. Slices represent the central area of the microtu-
bules and the bound PRC1-NSDC. The top and bottom of themicrotubules are
excluded in these views. Examples of microtubule pairs with dense (B) and
sparse (C) PRC1 occupancy. Insets show 4-fold enlargements of the cross-
links between microtubules. Small red arrows in the inset highlight individual
cross-bridges. Blue arrow in (B) indicates a PRC1 molecule that does not
form crosslinks with another microtubule. Long red arrows in (B) indicate the
polarity of microtubules, portions of which are highlighted in blue for clarity.
The top two microtubules in (B) share PRC1 crossbridges as do the bottom
two microtubules, however, the middle two microtubules are separated by
another microtubule (dotted blue line) that is positioned below the plane and
only the top of its tubulin lattice can be observed.
Figure 4. The Spectrin Domain Fits into the Cryo-EM Density Map of
the PRC1-Microtubule Complex with an Optimal Orientation
(A) Schematic comparing full-length PRC1 to the construct PRC1-NSDC
(aa 1–486) used for Cryo-EM analysis.
(B) Surface rendered side-view of 3D EM density map of the microtubule-
PRC1-NSDC complex.
(C) Top view of cryo-EM density map of undecorated tubulin (gold) superim-
posed with the microtubule-PRC1-NSDC complex (purple).
(D and E) (D) Side- and (E) top-view of the crystal structure (cyan ribbon
diagram) docked into the PRC1 density (purple mesh) protruding from an
a/b tubulin dimer (gold). Residues R377 and K387, which are involved inmicro-
tubule binding, are indicated in red and black respectively. Microtubule
polarity indicated in (B) was determined by comparison with a 3D EM structure
of a dynein-microtubule complex, which has a well defined polarity (Carter
et al., 2008). See also Figure S4.show that PRC1’s spectrin domain is highly ordered and less
flexible than the other domains when associated with a single
microtubule.
Cryo-Electron Tomography Reveals Ordered PRC1
Crosslinks between Two Antiparallel Microtubules
Helical reconstructions suggest that PRC1 may not be an inher-
ently rigid molecule when bound to one microtubule. It is difficult
to explain how a flexible protein with two microtubule interaction
surfaces at opposite ends of dimer can achieve the crosslinking
specificity reported for MAP65 proteins (Gaillard et al., 2008;
Janson et al., 2007). The only other structural analysis of cross-
linking by the MAP65 family is a cryo-EM study of the plant
homolog of PRC1, which show that the protein can form dense
crossbridges between two microtubules (Gaillard et al., 2008).438 Cell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc.However, the conformational differences between crosslinking
and noncrosslinking molecules could not be visualized in this
study. It also remains unknown whether establishing ordered
crossbridges is a property of single MAP65 molecules or results
from protein-protein interactions that may be involved in PRC1’s
co-operative microtubule binding (Figure 2D). To address these
questions, we employed cryo-electron tomography to obtain
a higher resolution structure of two microtubules crosslinked
by PRC1 (Figure 5A). For this analysis we used the PRC1
construct we had used for helical reconstruction (PRC1-NSDC;
Figure 4A). 3D reconstructions from cryo-electron tomography
of microtubules densely crosslinked by PRC1-NSDC shows
rod-like striations connecting two microtubules (Figure 5B
and inset). From analyzing the overall direction of crosslinking
protein density, we estimated that 90% (n = 20) of the cross-
linked microtubules were antiparallel. This shows that the C
terminus truncation construct has antiparallel crosslinking spec-
ificity similar to full-length MAP65 and Ase1 (Gaillard et al., 2008;
Schuyler et al., 2003). We find that the average distance between
two crosslinked filaments was 35 nm (±2 nm; n = 20) and the
crossbridge angle of PRC1 linkages was 70 (±5; n = 15) rela-
tive to the microtubule surface. As helical reconstruction shows
that the spectrin domain in PRC1 protrudes almost perpendic-
ular to the microtubule surface, the crossbridge orientation likely
results from 20 hinges between the oligomerization and the
spectrin domains.
Consistent with what is seen from the helical reconstruction
analysis, the tomograms show that the PRC1 densities observed
on themicrotubule surface distal to crosslinkedmicrotubule (i.e.,
the noncrosslinking PRC1 molecules, Figure 5B, blue arrow)
were less ordered than those between two filaments. This indi-
cates that noncrosslinking and crosslinking PRC1 molecules
have distinct conformations.
We next examined if the regular crossbridge geometry and the
intermicrotubule distances observed are retained in regions of
sparse PRC1 decoration between crosslinked microtubules.
We find that single PRC1 molecules still form crossbridges
with orientations similar to those observed in regions of dense
crosslinks (Figure 5C and inset). Interestingly, we found that
PRC1 crosslinks were not observed in regions where filament
spacing was significantly greater than 35 nm, indicating that
PRC1 molecules exhibit specificity for a narrow range of inter-
microtubule distances. These findings agree with our observa-
tions in fluorescence microscopy assays in which GFP-PRC1-
FL accumulation is seen only at a narrow range of microtubule
crosslinking angles (unpublished data). Together, our data indi-
cate that although the dimerization domain is not entirely rigid
when PRC1 is bound to a single microtubule, this domain in indi-
vidual PRC1 molecules can adopt a specific conformation upon
crosslinking two microtubules. The rigidity in the linker, together
with oriented binding by the spectrin domain, can allow PRC1 to
be a selective crosslinker of antiparallel microtubules aligned
with a narrow range of interfilament spacing.
PRC1 Is a Compliant Crosslinker of Antiparallel
Microtubules
Our analysis of microtubule binding by the structured and
unstructured domains in PRC1 shows that these interactions
have moderate affinity. Together with the observed 1-D diffusion
of single PRC1 molecules on microtubules, these data predict
that PRC1 crosslinks may not substantially resist filament sliding
by motor proteins. To test this hypothesis, we devised an in vitro
assay to visualize near-simultaneously PRC1 localization and
motor-protein driven sliding of pairs of crosslinkedmicrotubules.
We attached biotinylated microtubules to a glass surface via
streptavidin. These microtubules also incorporated low levels
of fluorescent tubulin for analysis of relative microtubule motion
using fluorescent speckle microscopy (FSM). GFP-PRC1-FL
was added to the immobilizedmicrotubules, followed by nonbio-
tinylated microtubules to generate a ‘sandwich’ comprised of
two microtubules crosslinked by PRC1 (Figure 6A). As would
be expected, based on studies of Ase1, we find that GFP-PRC1-FL shows a 10 ± 4 -fold preference for regions where
two microtubule overlap relative to regions of single microtu-
bules (N = 15; Figures S5A–S5C; (Kapitein et al., 2008a)). To drive
the relative sliding of microtubules in this ‘sandwich’, we added
kinesin-5, a well characterized motor protein needed for cell
division.
Under these conditions we observed two types of events.
First, kinesin-5 could move a shorter microtubule relative to
a longer filament in the ‘sandwich’ such that the amount of
overlap tracked by GFP-PRC1, remained unchanged (Figures
6B–6D). Second, we observed events in which the microtubule
overlap in the ‘sandwich’ reduced at the rate of filament motion
(Figure 6E and Figures S5D and S5E) and GFP-PRC1 dynami-
cally tracked the microtubule overlap zone (Figure 6F). Remark-
ably, in this set of events, the velocity of relative filament sliding
by kinesin-5 did not increase as the extent of microtubule over-
lap reduced (Figures 6G and 6H). Fluorescence intensity analysis
indicated that the number of PRC1-crosslinks in the overlap
region decreased proportionately (data not shown). Analysis of
all data show that kinesin-5’s sliding velocity reduced only
2.4 fold over an 18-fold change in PRC1 concentration
(Figure 6I). At higher PRC1 concentrations in this assay extensive
microtubule bundling was observed and it was very difficult to
reliably detect pairs of crosslinked microtubules. The few events
that could be analyzed under these conditions indicated that
a further reduction in kinesin-5 driven filament sliding was not
observed as PRC1 concentration was increased (Figure S5F-I).
We estimated the ratio of PRC1 and kinesin-5 at microtubule
overlap zones in our assays. Using GFP-kinesin-5 at concentra-
tions similar to the un-tagged kinesin-5 used in the above
assays, we found that microtubule sliding was driven by a few
motor protein molecules, and unlike PRC1, kinesin-5 did not
show a preference for microtubule overlap zones (data not
shown and (Hentrich and Surrey, 2010)). The average fluores-
cence intensity of single GFP-PRC1-FL molecules was then
used to determine the number of GFP-PRC1-FL molecules at
microtubule overlap regions. These data indicate that the ratio
of GFP-PRC1-FL to kinesin-5 molecules at microtubule overlap
zones was 25 (total solution concentration: GFP-PRC1-FL =
0.54 nM, kinesin-5 = 1.8 nM). This shows that crosslinks formed
by multiple PRC1 molecules do not substantially resist the rela-
tive microtubule movement driven by fewer kinesin-5 molecules.
Discussion
Members of the MAP65 family organize microtubules by prefer-
entially crosslinking filaments with an antiparallel orientation. In
this study, we provide a structural framework for how three
structurally distinct domains in human MAP65 (PRC1) are
combined to achieve selective and efficient crosslinking of anti-
parallel microtubules, as would be needed during the self-orga-
nization of dynamic cytoskeletal networks.
The conserved microtubule-binding domain in PRC1 has
a spectrin fold. First identified in spectrin, a constituent of the
membrane skeleton, this fold has since been seen in several
actin crosslinking proteins such as alpha-actinin and dystrophin
(Djinovic-Carugo et al., 2002). In these proteins, spectrin-
domains appear as repeated units that connect other actin-
binding domains and regulate properties of the cytoskeletalCell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc. 439
Figure 6. PRC1 Crosslinks Do Not Substantially Resist the Relative
Sliding of Two Microtubules by Kinesin-5
(A) Schematic illustrating the assay used to examine the effect of PRC1 (green)
on kinesin-5 (cyan)-mediated relative sliding of two microtubules (orange),
when extent of overlap between microtubules is unchanged. Near-simulta-
neous dual-mode microscopy was used to image microtubules (via wide-field
fluorescent speckle microscopy) and GFP-PRC1-FL (via Total Internal Reflec-
tion Fluorescence (TIRF) microscopy).
(B) Frames from a time-lapse sequence (1 min interval) show GFP-PRC1-FL
(green) enriched at regions where two crosslinked microtubules (red) overlap.
(C) Corresponding kymograph shows the surface-attached static microtubule
(vertical streaks) and a moving microtubule (diagonal streaks, 16.5 nm/s).
(D) Kymograph shows that the GFP-PRC1-FL decorated region moves at the
velocity of the moving microtubule.
440 Cell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc.structures. In PRC1, this domain appears to have evolved to
mediate microtubule binding, an entirely different role for this
protein fold. Further, the spectrin fold is unrelated to the other
protein folds (e.g Cap/Gly motifs and calponin-homology
domains) that are known to mediate interactions with the micro-
tubule lattice. It has been proposed that some protein surfaces
are evolutionarily selected to act as a versatile protein interaction
platform. This is best exemplified in the Fc domain of IgG, which
is structurally adapted to interact with several different protein
scaffolds (DeLano et al., 2000). Similarly, it appears that the
microtubule surface has evolved to bind a large variety of unre-
lated structural motifs and thereby accommodate diverse
MAPs that can carry out a wide range of functions (Amos and
Schlieper, 2005).
Microtubule binding by the spectrin domain is augmented by
a Lys/Arg rich unstructureddomain in PRC1.Synergisticmicrotu-
bule binding by structured and unstructured domains have also
been seen in other MAPs such as Ndc80 (Guimaraes et al.,
2008; Miller et al., 2008), suggesting that this feature may be
a frequent adaptation in MAPs. There are also at least two other
functions ascribed to these unstructured microtubule-binding
domains. First, these unstructured domains are often sites of
phospho-regulation (Holt et al., 2009). Interestingly, Cdk1 phos-
phorylation sites in PRC1 map to the unstructured Lys/Arg
domain (Zhu et al., 2006). Our data suggest that these phosphor-
ylations would directly attenuate microtubule affinity by reducing
thenetpositive chargeof thedomain.Dephosphorylationof these
residues would activate PRC1’s microtubule binding at
anaphase, as would be needed for PRC1’s functions during the
final stages of cell division. Second, as has been suggested for
Ndc80, these domains are proposed to allow a mode of attach-
ment which does not significantly resist microtubule movement.
We find that PRC1 does not strongly oppose microtubule sliding
by kinesin-5, indicating that moderate binding affinities and diffu-
sive microtubule interactions of PRC1 can permit microtubule
movement while maintaining attachment. This result is also
consistentwith the reporteddiffusionconstantofAse1which indi-
cates that > 100 crosslinker molecules would be needed to
generatea resistive forcegreater than1.5pN,which is in the range
of the force required to inhibit kinesin-5movement (Bormuthet al.,
2009; Kapitein et al., 2008a; Korneev et al., 2007; Valentine and
Block, 2009). This would be relevant in vivo, when microtubule
bundling by Ase1 and sliding by kinesin-5 are both required for
spindle elongation in anaphase B (Khmelinskii et al., 2009).
Crossbridges between two PRC1-crosslinked microtubules
are formed by PRC1’s dimerization domain. These are seen to
project at an angle of 70 relative to the microtubule lattice.
Binding at a fixed angle relative to the microtubule lattice has(E) Schematic illustrating the assay when overlap between microtubules
decreases during relative microtubule sliding.
(F–H) Frames froma time-lapse sequence (2min interval) (F) andcorresponding
kymographs showing microtubule movement (7 nm/s) (G) and GFP-PRC1-FL
localization tooverlap region that reducesdue to relative slidingof filaments (H).
(I) Velocity distributions for kinesin-5 driven microtubule sliding at 1.8 nM
kinesin-5 and 0.034 (V = 23.1 ± 6.3 nm/s, N = 43), 0.14 nM (V = 17.7 ±
3.5 nm/s, N = 39), and 0.54 nM GFP-PRC1-FL (V = 9.7 ± 3.1 nm/s, N = 41).
Velocities are reported as mean ± SD. The scale bars represent 1.5 mm,
100 s. See also Figure S5.
Figure 7. PRC1 Is a Compliant, Microtubule-Overlap Tracking
Protein that Tunes Structural Rigidity to Specifically Crosslink Two
Antiparallel Microtubules
(A) A model for how PRC1 can align microtubules into antiparallel arrays. The
spectrin domain in PRC1 can make oriented contacts with the microtubule to
decode filament polarity. The unstructured domain acts to enhance the
binding affinity, while allowing diffusion along microtubules. The dimerization
domain is not entirely rigid on a single microtubule but adopts a specific
conformation when crosslinking two microtubules.
(B) The rigidity and flexibility of the different domains in PRC1 can facilitate
sorting of randomly oriented microtubules into antiparallel arrays and allow
PRC1 to function as a selective ‘mark’ for microtubule overlap regions.also been reported for Ndc80 (Wilson-Kubalek et al., 2008) but
the implications of defined projection angles for any microtu-
bule-binding protein is thus far unknown. The crossbridge also
determines the intermicrotubule spacing between two microtu-
bules. This intermicrotubule distance could also affect the ability
of motor proteins to bind and slide PRC1 crosslinked microtu-
bules, providing an additional mechanism for activating or
deactivating specific motors at these structures. For example,
the reported length of kinesin-5 motor is approximately 95 nm,
which is2-fold greater than the 37 nm intermicrotubule spacing
of PRC1 crosslinked microtubules (Kashina et al., 1996). Hence,
the reduction in the velocity of microtubule sliding by kinesin-5
seen in our experiments at high PRC1 concentrations could
result from the inability of kinesin-5 to bind properly and
efficiently walk along both microtubules with dense PRC1 cross-
links. Such modulation of motor activity through control of
interfilament spacing has been proposed to affect themagnitude
of active forces generated in striated muscles during muscle
contraction (Millman, 1998).
Based on our results, we propose a structural model for how
polarity-specific crosslinking is mediated by PRC1 (Figures 7A
and 7B). The ability of a microtubule associated protein to distin-
guish parallel and antiparallel filaments relies on two factors.
First, PRC1 molecules must decode filament polarity whenbound to one microtubule. Our results show that the spectrin
domain is the most ordered region in a PRC1-microtubule com-
plex and uses a well-defined surface for microtubule binding.
This suggests that this domain makes contacts with the microtu-
bule lattice that decode filament orientation. Second, the micro-
tubule polarity needs to be transmitted across the linker to
the second spectrin domain in the PRC1 homodimer. Our data
show that the dimerization domain in PRC1 has a single confor-
mation when crosslinking two microtubules. The structural
rigidity of this domain is likely to be responsible for PRC1’s selec-
tivity for antiparallel microtubules. Though specificity can be
achieved by oriented binding of the spectrin domain and rigidity
in the linker domain, the weak microtubule binding affinity of the
spectrin domain alone does not explain the extensive filament
bundling induced by PRC1. To increase binding and conse-
quently crosslinking efficiency, PRC1 uses an unstructured posi-
tively charged domain for maintaining long-lived associations
with microtubules. Additionally, the flexibility in the linker domain
of PRC1, which appears to have more than one conformation
when bound to one microtubule, may allow for an initial contact
with a second microtubule that could have a wide-range of
orientations. Relative to a highly rigid structure, such flexibility
could increase the crosslinking efficiency of PRC1 molecules.
These features would enable PRC1 to stay associated with the
first microtubule encountered, explore its length by 1-D diffu-
sion, and thereby increase the probability of capturing a second
filament for establishing antiparallel linkages between two
microtubules.
Many cellular processes require recognition of a ‘‘mark’’ at
precise locations. Post-translational modifications such as ubiq-
uitination and methylation are some of the common marking
mechanisms for proteins and DNA in cells. In the microtubule
cytoskeleton, the +TIP-proteins track and identify microtubule
growing microtubule plus-ends (Akhmanova and Steinmetz,
2008). Similarly, by recognizing specific microtubule geometries
and forming compliant crosslinks, the MAP65 proteins can mark
antiparallel microtubule overlap during the self-organization of
dynamic cytoskeletal networks.EXPERIMENTAL PROCEDURES
Crystallization of PRC1-S
PRC1-S (341-466) was concentrated to 50 mg/ml in motility buffer (80 mM
PIPES (pH 6.8), 1 mM MgCl2, 1 mM EGTA) and 150 mM KCl and crystallized
by hanging drop vapor diffusion at 4C using an equal volume of protein
sample and crystallization solution consisting of 0.1 M CHES (pH 9.5) and
30%–35% PEG 3350. Crystals (needles of dimension 25 X 25 X 300 mm)
appeared between 1 - 3 weeks. Microseeding was used to obtain crystals of
the selenomethionyl derivative of the construct. Crystals were frozen in liquid
nitrogen after a 5 min soak in a solution comprising of the crystallization solu-
tion with 5%–10% v/v glycerol. Both native and SAD datasets were collected
along single needles at NE-CAT beamline 24ID-E at APS at the peak selenium
wavelength 0.97918 A˚ and processed as described in the supplement.
Cryo-EM and Image Analysis
Microtubules were polymerized as previously described (Wilson-Kubalek
et al., 2008). Microtubules (0.166 mg/ml in motility buffer) were applied to
plasma cleaned C-flat grids and incubated with PRC1-NSDC (0.53 mg/ml) or
PRC1-SC’ (0.9 mg/ml). The sample was then vitrified in liquid ethane, using
a manual plunger. The data sets were collected using a GATAN cryoholderCell 142, 433–443, August 6, 2010 ª2010 Elsevier Inc. 441
and a FEI Tecnai F20 transmission electronmicroscope equippedwith aGatan
Ultrascan 4000 3 4000 pixel CCD camera. Images of the decorated microtu-
bules were recorded in low-dose conditions (<10 e/A˚) at a magnification of
29,000 and a nominal defocus range from 1.5 to 2.0 mm. For image analysis
of the PRC1-microtubule complexes, PRC1-decorated 15-protofilament
microtubules were selected fromCCD images. 3D reconstructionswere calcu-
lated using Phoelix, essentially as described elsewhere (Whittaker et al., 1995).
3D EM Reconstructions
Surface representations of side- and top- views of the cryo-EM reconstruc-
tions (Figure 4 and S4) were produced using the Chimera software package
(Pettersen et al., 2004). To interpret the PRC1 densities protruding from the
microtubule density, we manually docked the crystal structure of the spectrin
domain into the EM density reconstructions using Chimera.
Cryotomography
Tilt-series images were acquired using the Serial EM software package (Mas-
tronarde, 2005) on a Tecnai F20microscope through a range of +/ 50 at 1.5
increments. The specimen was subjected to a total dose of 100 electrons.
The tomographic image reconstruction was performed using the IMOD soft-
ware package (Kremer et al., 1996).
Fluorescence Microscopy
All experiments were performed on an instrument described previously (Kapi-
tein et al., 2008b). GFP was imaged with TIRF illumination from a 491-nm laser
source (Cobalt Calypso 50; Solamere Technology) and X-rhodamine was
imaged with wide-field illumination. For all experiments, oxygen scavenging
mix (OS) comprising of 25 mM glucose, 40 mg/ml glucose oxidase, 35 mg/ml
catalase and 0.5% beta-mercaptoethanol was included in the final buffer.
Kinesin-5/PRC1 sliding experiments were performed as described previ-
ously with some modifications (Kapitein et al., 2008b). Briefly, X-rhodamine-
labeled biotinylated taxol-stabilized microtubules were immobilized on the
coverslip by first coating the surfacewith biotinylated BSA followed by strepta-
vidin. After a brief incubation with casein to block nonspecific binding to
the surface, GFP-PRC1-FL was added and allowed to bind the immobilized
microtubules. This was followed by addition of X-rhodamine-labeled microtu-
bules which generated a ‘sandwich’ with two microtubules crosslinked by
PRC1. After washing the solution microtubules, the final assay mix comprising
of GFP-PRC1-FL and/or kinesin-5 in motility buffer supplemented with
80 mM KCl, 2 mM MgCl2, 1 mg/mL k-casein, 1 mM MgATP, 20 mM taxol and
OS mix was added to the flow chamber. TIRF and wide-field images were
acquired near simultaneously with 0.2 s exposure, 0.1 s-1 frame rate and EM
gain set to 100and200 for TIRFandwide-field respectively. Eachpair ofmoving
microtubule was analyzed by kymographs using MetaMorph (MDS Analytical
Technologies). Sliding velocities were calculated from the slopes of the diag-
onal streaks generated by the movement of one speckled microtubule over
an immobilizedmicrotubule. In a few rare events (<5%), we observed an abrupt
2-fold change in microtubule movement velocity in the kymographs. Based
on our analyses of kinesin-5 sliding alone (without PRC1), we believe this is
due to kinesin-5 switching between walking on both microtubules it crosslinks
to walking on only one of the two microtubules. This change in motility mode
leads to a 2-fold reduction in relative filament sliding. In these cases, both
velocities were measured and are included in the histograms shown.
ACCESSION NUMBERS
Coordinates have been deposited with PDB IDs 3NRX (native crystal structure)
and 3NRY (SelenoMet crystal structure) and EMDB accession codes
EMD-5205 (EM map of PRC1 [aa 1-486]) and EMD-5212 (EM map of PRC1
[aa 303-620]).
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